Objective Considerable gaps exist in knowledge regarding the prevalence of neurologic diseases, such as multiple sclerosis (MS), in the United States. Therefore, the MS Prevalence Working Group sought to review and evaluate alternative methods for obtaining a scientifically valid estimate of national MS prevalence in the current health care era.
Multiple sclerosis (MS) is the most common chronic progressive neurologic disease of young adults, 1,2 affecting individuals in their most productive years, and placing a heavy burden on affected persons, their family members, and the health care system. Unlike some other world regions, considerable gaps exist in knowledge regarding the incidence and prevalence of MS in the United States because there is no robust method for estimating either epidemiologic statistic on a national basis. The only population-based estimates of MS incidence (the number of new cases of MS in a population) have been obtained in the population of Rochester, Minnesota, where the presence of the Mayo Clinic enables rigorous periodic studies of MS incidence and prevalence. 3 The absence of a unified single health care system in the US does not enable robust estimates of MS incidence on a national level; therefore, our focus is on estimating national MS prevalence in the United States.
Obtaining an accurate estimate of MS prevalence in the United States is critical because prevalence supports comparisons of MS burden across demographic subgroups, geographic regions, and time periods. Health care providers and policymakers rely on prevalence estimates to make decisions about future health service needs. Researchers studying MS need information on disease prevalence for evaluating changes in disease frequency in relation to changing population demographics.
MS is not a reportable condition, and there is no national population-based registry for MS. Although many studies examining the prevalence of MS in select US communities have been conducted in the past 25 years, 4 the variable methodology and quality of these studies prevent the data from being aggregated into a single robust national estimate of MS in the United States.
In 2014, the National Multiple Sclerosis Society established the MS Prevalence Working Group, a group composed of scientists (neurologists, epidemiologists, statisticians) and policy advocates from the United States and Canada, to obtain a valid estimate of MS prevalence in the United States. We sought to evaluate possible methods for estimating MS prevalence in the current health care era with the ultimate goal of providing a scientifically sound estimate of the overall prevalence of MS in the United States.
We review MS prevalence studies conducted in the United States, critically examine possible methods for estimating national MS prevalence, and use this information to develop a rationale for a new 4-step paradigm for estimating MS prevalence in the United States.
Previous estimates of MS prevalence in the United States
Regional MS prevalence studies A recent systematic review 4 identified 9 population-based MS prevalence studies conducted in small regions of the United States between 1985 and 2011 (table e-1; https://doi.org/10. 5061/dryad.t1k42p8). MS point prevalence was lowest in the 19 counties surrounding Lubbock, Texas (age-standardized prevalence 39.9/100,000; 95% confidence interval [CI] 34.0-45.7) 5 and highest in Olmstead County, Minnesota (age-standardized prevalence 191.2/100,000; 95% CI 165. 6-216.8) . 3 A noteworthy advantage of such regional studies is that the relatively small population size enables investigators to use many overlapping methods to ascertain possible MS cases in the study population (case ascertainment) and apply standardized criteria to determine which cases have MS (case definition). Regional MS prevalence studies have used a variety of methods to maximize the completeness of case ascertainment, with the most common sources being specialty clinics or academic MS centers, community neurologists or other physicians, patient service associations, nursing homes or long-term care facilities, and death certificates. 4 Case definitions are usually established using medical chart reviews abstracted to apply standard diagnostic criteria. 6 However, because MS prevalence can have considerable geographic variation, 4 projecting estimates from one or a few regions to the entire United States is of uncertain validity.
National MS prevalence studies in the United States For a country the size of the United States (;310 million population in 2010), it is not feasible to use the intensive case ascertainment methods that are routine in smaller geographic regions. In the last 4 decades, 4 studies have estimated the prevalence of MS in the United States by using methods intended to provide representative samples of the US population (table 1) . The first study was conducted in 1976 using a probability sample of 725 acute short-term general hospitals and 8,800 physicians in the contiguous United States and surveying them to estimate the number of persons with MS with whom they had contact. 7 MS prevalence was estimated to be 58 per 100,000 population, corresponding to 123,000 Glossary AHC = administrative health claims; BRFSS = Behavioral Risk Factor Surveillance Survey; CI = confidence interval; DMT = disease-modifying treatment; DOD = Department of Defense; ICD-9 = International Classification of Diseases-9; MEPS-HC = Household Component of the Medical Expenditure Panel Survey; MS = multiple sclerosis; NHIS = National Health Interview Survey; SWOT = strengths, weaknesses, opportunities, and threats; VHA = Veterans Health Administration.
cases in the United States, but Anderson et al. 8 believed that the prevalence of MS was underestimated due to several methodologic factors. A primary source of underascertainment was relying on physician recall to identify MS cases, as at the time these studies were conducted, computerized medical records systems were rare. Another source of underascertainment was the single-year surveillance window, which would have missed patients with MS who did not seek medical attention for MS during that year. Evidence for a third source of underascertainment came from a prevalence survey conducted in the Weld and Larimer Counties of northern Colorado, 9 which used multiple case ascertainment methods and found that 21% of all prevalent cases identified came exclusively from the records of 3 MS service organizations in Colorado, a source that was not used in the 1976 study. 7 Anderson et al. 8 used several adjustments for these sources of underascertainment to provide an updated estimate of MS prevalence in the United States in 1990, ranging from 250,000 to 350,000 persons.
The next 2 national MS prevalence studies were conducted using the National Health Interview Survey (NHIS), an annual probability sample of the noninstitutionalized US population. During 1982-1996, one-sixth of the NHIS sample was surveyed about MS and other health conditions resulting in limitation of activity. Collins 10 used NHIS data for a 3-year period (1990) (1991) (1992) to estimate national MS prevalence because a single year of data did not yield enough persons with MS for stable estimation. MS prevalence was estimated to be 70 per 100,000, corresponding to an estimated count of 180,000 cases. A second study also used NHIS data, over 1982-1996. 11 MS prevalence was estimated to be 85 per 100,000 population, corresponding to an estimated count of 211,000 cases in the United States (95% CI 191,000-231,000). A major weakness of the NHIS studies is that survey data were collected from one family member within each sampled household who reported the medical conditions for the entire household. This method would underestimate MS prevalence if household members underreport the condition but could also overestimate MS prevalence if self-reported data resulted in the inclusion of provisional cases (or noncases) who would not meet formal case definition criteria.
More recently, a national MS prevalence study was carried out using the Household Component of the Medical Expenditure Panel Survey (MEPS-HC), a nationally representative survey of the US civilian noninstitutionalized population drawn from NHIS that collects data on health status, health utilization, health costs, and health insurance coverage. 12 MS cases were identified on the basis of having one or more medically coded diagnoses of MS (ICD-9 code 340). Between 1998 and 2009, 526 MEPS-HC participants met this criterion, and the annual average number of persons with MS was estimated to be 572,312 (95% CI 397,004-747,619). Requiring only 1 ICD-9 code during the study year could have overestimated MS prevalence if false-positives were included because individuals who had a single ICD-9 340 code were ultimately not diagnosed with MS or the code was entered erroneously. The MEPS-HC probability sample only captured noninstitutionalized persons with MS, which could have resulted in underascertainment because it excludes the estimated 5%-10% of persons with MS residing in nursing homes. 13, 14 Two studies have used administrative health claims (AHC) data to estimate the number of persons with MS. Both studies assessed subpopulations of the United States and then used this information to estimate the total number of persons with MS in the United States as a whole (table 2). Pope et al. 15 obtained administrative claims data from privately insured individuals, those aged into Medicare, and Medicaid blind or disabled populations to determine the prevalence of MS in 6 states for 1991-1997. MS prevalence (per 100,000 population) was estimated to be 240 in the privately insured, 180 among Medicare age 65 and above, and 710 among Medicaid disabled populations. These estimates are not strictly comparable due to the different age distributions and the expectation that MS prevalence would be much higher in the Medicaid disabled population. In addition, no algorithm was developed or used for MS cases. Dilokthornsakul et al. 16 estimated MS prevalence for 2008-2012 in the privately insured US population by applying a case definition algorithm using the PharMetrics Plus Health Plan Claims data, a large US private insurance claims database that contained claims data for approximately 42 million enrollees in 2011. The case definition algorithm required at least 2 inpatient claims with ICD-9 code 340, at least 3 ICD-9 code 340 outpatient claims, or at least one MS-specific disease-modifying treatment (DMT) claim. The estimated MS prevalence for 2012 was 149 per 100,000 (95% CI 147.6-150.9), and when extrapolated to the United States as a whole, yielded an estimate of 403,630 individual cases (95% CI 387,445-419,833).
Methods for conducting a national study of MS prevalence in the current era Before designing our study to estimate the US prevalence of MS, the working group members carried out a strengths, weaknesses, opportunities, and threats (SWOT) analysis for 3 approaches to estimate MS prevalence: (1) population-based MS registries (table 3); (2) national probability health surveys (table 4); and (3) analysis of AHC databases (table 5) . Studies of each type were evaluated as potential sources for estimating the national prevalence of MS based on the populations studied.
Population-based MS registries
Longstanding MS registries have been successfully used to estimate MS prevalence in 4 countries: Denmark, 17, 18 Sweden, 19 Norway, 20 and Poland. 21 However, a similar US population-based MS registry does not exist. In the United States, there are several voluntary MS registries for conducting outcomes research; however, none of these registries attempts the near-complete case ascertainment in a defined geographic region that would enable the estimation of MS prevalence. The benefits and pitfalls of population-based disease registries were recently reviewed 22 and are summarized in table 3. A nationwide population-based registry would be costly to implement; however, it is possible that a geographically representative system of regional registries could be implemented, similar to the approach used for cancer surveillance. 23 In the United States, only one neurologic disease registry has been implemented. The National Amyotrophic Lateral Sclerosis Registry was established by a Congressional mandate and began estimating national amyotrophic lateral sclerosis prevalence in 2010. 24, 25 National probability health surveys The primary method used to estimate national MS prevalence in the past has been probability health surveys. However, almost none of the national probability surveys conducted by the US government are sufficiently large enough to contain enough people with MS to enable precise estimation of MS prevalence, much less prevalence within demographic or regional subgroups. Moreover, the national survey that once allowed an overall estimate of MS prevalence (NHIS) no longer includes questions about MS and other disabling conditions. National probability survey data rely on patient or Abbreviations: CI = confidence interval; DMT = disease-modifying treatment; ICD-9 = International Classification of Diseases-9; NR = not reported.
family member reports of physician-diagnosed MS, 10, 12 risking the inclusion of false-positive MS cases or provisional cases that would not meet formal case definition criteria. Only one national survey, the Behavioral Risk Factor Surveillance Survey (BRFSS), which surveys more than 500,000 individuals each year, has a sample size that would potentially yield precise estimates of MS prevalence. Feasibility work would be needed to determine if this BRFSS could be used for this purpose.
Administrative health claims data
In other countries with universally funded health care systems such as Canada and many European nations, AHC databases have been used to provide a population-based alternative to the traditional intensive methods of case ascertainment used in regional studies. 1 In the United States, AHC data are maintained by government (public) insurance programs, including Medicare and Medicaid, and by private (commercial) insurance providers. AHC databases are a tremendous resource for studying neurologic disease incidence and prevalence because of their rich prospective data on patients from defined populations and their use of the standardized international diseasecoding framework (using the ICD system). 26 However, AHC databases are not created for research purposes, making it necessary to demonstrate the validity and the accuracy of case ascertainment algorithm prior to using them for estimating disease prevalence. These challenges exist for estimating prevalence of all other common chronic neurologic conditions. 26 AHC data sources have potential strengths and limitations when applied for the purpose of estimating disease prevalence (table 5). The information from AHC databases begins with enrollment into health insurance plans and provides a standardized source of longitudinal patient health care utilization. These data contain near complete capture of demographic information (sex, date of birth, race/ethnicity, zip code, or state of residence) and health care utilization data, including diagnostic codes and pharmacy records. They can be used for research without specific consent because the databases are deidentified. Identifying persons with MS through pharmacy records is an excellent case ascertainment strategy given that many of the DMTs are prescribed only for MS, thus, the persons with MS using such medications are highly likely to be true MS cases. However, over 40% of persons with MS in the United States do not take DMTs, necessitating additional case-finding methods. Because clinical details are often not available, such as whether a diagnostic code was entered by a neurologist, physician, or nonphysician, most claims database studies have relied on case-finding algorithms that have not been judged against 17, 18 Sweden, 19 Norway, 20 and Poland. 21 Such studies often rely on case ascertainment through multiple data sources including neurologists, primary care physicians, and hospitals.
case definitions or even neurologist diagnoses for accuracy. Two studies used a case definition that required only a single health care encounter for MS, 12, 15 which is likely to be highly nonspecific, risking an unknown number of false-positives. The study by Dilokthornsakul et al. 16 that used private insurance claims data was strengthened by conducting sensitivity analyses that examined the performance of 2 alternative algorithms, one of which produced estimates very similar to the primary algorithm.
Developing a new approach for estimating MS prevalence in the United States
Based on the SWOT analysis, and through discussion and consensus, we concluded that AHC data would provide the most cost-effective method to develop a national prevalence estimate for MS. Collectively, government and private health claims databases represent a very large proportion of the US population (84% in 2010), 28 which together enables precise estimates of MS prevalence. The data are sufficiently distributed geographically and socioeconomically to be representative of the entire US population. Figure 1 illustrates a new 4-step approach we devised for estimating the prevalence of MS for the United States as a whole using a segmental approach for each insurance source and then combining them into a national estimate.
Step 1: Identify datasets covering US publicly and privately insured populations: figure 2 illustrates the fragmented nature of insurance coverage of the US population, which does not enable a single health care source for estimating MS prevalence as is often available in Scandinavian countries with national unified health care systems. Nevertheless, AHC data are available for almost all of the insurance segments of the US population, allowing the estimation of MS prevalence separately for each insurance segment, which can then be aggregated into an overall national estimate of MS prevalence. Figure 2 shows US Census Current Population Survey data for 2008-2010, presented separately for individuals under age 65 vs those ages 65 and older because the sources of insurance coverage vary considerably for these 2 age groups. In 2010, for individuals below age 65, private insurance comprised the largest segment of insurance coverage, 65%, when employerpurchased and self-purchased private insurance were considered together. The next largest segment of insurance coverage in 2010 for individuals under age 65 is Medicaid (17%), a government insurance program that provides free medical insurance to low-income people. Smaller percentages of individuals under age 65 in 2010 were covered by a military source such as Department of Defense (DOD) or Veterans Health Administration (VHA) (4%), or by another government-provided insurance plan (Medicare, 3%). In 2010, 18% of individuals under age 65 had no insurance coverage. In 2010, for individuals ages 65 and above, government insurance provided by Medicare covered 93% of the population and was often supplemented by private coinsurance (33% employer-provided, 29% self-purchased). Medicaid, either alone or in combination with Medicare, covered 9% of those age 65 and above. In 2010, 8% of individuals age 65 and above were covered by a military source (DOD or VHA), and only 2% of the elderly were uninsured. Thus, despite the fragmentation of the US health care system, AHC databases for all of the insured segments of the US population are available and can be used to estimate MS prevalence in each dataset separately before combining the estimates into a whole (step 4).
Step 2: Develop and validate a highly accurate MS casefinding algorithm that can be standardly applied in all AHC databases. Our approach requires a highly accurate case definition to identify MS cases that performs consistently across AHC databases with differing characteristics so that it can be applied even in datasets where formal validation is not possible. Notably, no MS prevalence studies in the United States have used validated algorithms for identifying persons with MS, yet having a validated algorithm for this purpose is a necessary step for carrying out valid prevalence estimation. 26 Culpepper et al. 27 recently conducted a multisite validation study to develop a valid and reliable algorithm for identifying MS cases using AHC data, with excellent sensitivity, specificity, and positive predictive value. For the first time ever, this provides a high-performing algorithm that performs consistently well across datasets and can be applied across all AHC databases. Similar methodology could be employed for other chronic neurologic diseases, using existing literature to provide a starting point for the development of such case definitions. 26 Step 3: Apply the case definition algorithm to estimate the number of MS cases and prevalence estimates separately for each database: The third step of this approach is simply to use the validated algorithm (step 2) within each of the ; however, for this uninsured group, MS prevalence estimates from the Medicaid health care claims data could be applied because the 2 groups have similar sociodemographic characteristics.
Our new approach cannot be applied to estimate the incidence of MS in the United States. Incidence-the number of new MS cases per year in a population-is an important measure of disease frequency. However, it can only be derived for countries that have single uniform health care systems where longitudinal AHC records for each person enable relatively precise indicators of the onset of new MS diagnosis and the exclusion of existing prevalent cases. The lack of a single payer health care system or national tracking system in the United States does not allow reliable estimates of MS incidence because some individuals may change health care coverage over time, and it is not possible to link patient records across insurance sources to provide a single longitudinal record within which newly diagnosed persons with MS may be ascertained. This creates short periods of observation, which do not allow accurate estimates of incidence for conditions such as MS and cancer due to the inability to definitively determine which individuals are truly newly diagnosed. 29 
Discussion
We have proposed a new approach for applying validated case-finding algorithms to AHC data from both government and private sources to produce robust estimates of MS prevalence in the United States. In a companion article, we applied this approach to estimate the total number of MS cases in the United States. 30 This approach could be applied to estimate prevalence of other neurologic disorders and chronic conditions that face similar methodologic challenges such as Parkinson disease, dementia, and epilepsy.
There are several reasons why our new approach is a valuable methodologic development to estimate the national MS prevalence. First, this paradigm offers the potential to use existing AHC data for case ascertainment across the United States without requiring the cost and effort involved in regional MS prevalence studies, which typically employ intensive case ascertainment methods. The data are sufficiently distributed, both geographically and socioeconomically, to be representative of the entire US population, and do not require consent because the databases are de-identified. Second, our method is efficient and cost-effective, and can be applied repeatedly with datasets that represent a large proportion of the country, enabling updates to populationbased estimates of MS prevalence over time. Third, applying this approach with data that represent the entire United States allows us to obtain more stable and precise prevalence estimates, and to fill in knowledge gaps regarding the prevalence of MS in many regions for which we have never had estimates. Once AHC data are able to accurately and completely capture race and ethnicity, this approach could be applied to racial and ethnic minorities that have received little study in the past. Fourth, the use of a highly accurate case-finding algorithm 4 ensures that there will be greater comparability between estimates derived from these sources in the future. By adopting a standard paradigm for ascertaining MS cases and applying validated case definition Figure 1 Stepwise process for determining the prevalence of multiple sclerosis (MS) in the United States criteria, we will be better able to monitor and compare spatial differences in MS prevalence and to examine changes in disease prevalence over time without the variation introduced by differing methodologic approaches.
Despite many strengths, our new approach is limited in that the case ascertainment methods do not cover all segments of the US population. It excludes native American residents who choose to receive care through the Indian Health Service (0.6% of the US population in 2010) 31 and US residents who are incarcerated (approximately 0.5% of the US population in 2010). 32 If health care databases existed for these populations, we could similarly apply an MS algorithm to estimate MS prevalence and incorporate them into the overall national estimate. Our approach also cannot distinguish between different racial and ethnic groups; thus we cannot address to what extent variations in prevalence by geography or other factors may be better explained by racial/ethnic differences in prevalence. 33 Our work has important implications for the new era of MS epidemiologic research that will be possible through the 21st Century Cures Act legislation, enacted in December 2016, which authorized the establishment of a federally funded neurologic disorders surveillance system. 34 A national registry for MS could be implemented similar to the National Amyotrophic Lateral Sclerosis Registry, with AHC data as a primary method for case ascertainment and a web portal available for all persons with MS to register. 24, 25, 35 Without access to a national registry in the intermediate term, we propose that our approach will deliver the most current and scientifically sound US estimate of the number of persons with MS. By addressing methodologic challenges and proposing a new paradigm for measuring the prevalence of MS in the United States, we hope that our work will benefit scientists who study all chronic conditions for which national prevalence estimates do not currently exist.
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